Background: While denosumab has been shown to prevent skeletal-related events in patients with bone metastasis, there is a concern that it may cause atypical femoral fracture (AFF). While AFF has been reported in patients with osteoporosis receiving denosumab, data are scarce in the context of AFF occurring in patients with bone metastasis receiving monthly denosumab therapy. Methods: To analyze the incidence of AFF in patients with bone metastasis, we reviewed the medical records of patients who had received monthly denosumab (120 mg) treatment from May 2012 to June 2017 at any of the three participant institutions. Results: The study population consisted of 277 patients who had received a median of 10 doses (range, 1-79) of denosumab. Five patients were diagnosed as having AFF or symptomatic atypical femoral stress reaction (AFSR) needing surgical intervention, representing an incidence rate of 1.8% (95% confidence interval, 0.77-4.2). These patients had received 15, 45, 45, 46 or 47 doses of denosumab, respectively. Four of the patients had received prior zoledronic acid treatment. The results of our analysis suggested that long-term use of denosumab, especially for more than 3.5 years, and prior use of zoledronic acid were risk factors for the development of AFF. Conclusions: We found the AFF events in 5 patients (1.8%) among 277 cancer patients who had received monthly denosumab (120 mg) treatment. Long-term denosumab treatment and prior zoledronic acid treatment were identified as risk factors for the development of AFF.
Background
Treatment with bisphosphonates (BP) and denosumab is known to reduce the frequency of skeletal-related events (SREs), such as pathologic bone fracture, spinal cord compression, need for external beam radiation or surgery to the bone, and hypercalcemia associated with cancer with bone metastasis [1] [2] [3] [4] . Denosumab, an inhibitor of the receptor activator of nuclear factor κ B ligand (RANKL), has been demonstrated to delay the time to onset of the first SRE and lower the risk of occurrence of the first SRE, as compared to zoledronate, in patients with bone metastasis [5] [6] [7] [8] [9] [10] [11] . However, atypical femoral fracture (AFF) has been reported as a potential adverse effect of both BPs and denosumab. The absolute risk of AFF associated with BP therapy for the treatment of osteoporosis or osteopenia was 3.2 to 50 cases per 100,000 person-years, and patients receiving long-term treatment or much higher doses of BPs have been found to be at a higher risk of development of AFF [12] [13] [14] .
According to the American Society for Bone and Mineral Research (ASBMR), AFF is defined as a fracture located along the femoral diaphysis between just distal to the lesser trochanter and just proximal to the supracondylar flare. ASBMR revised the diagnostic criteria for AFF in 2013, which now consist of five major criteria and four minor criteria [14] . Association with minimal or no trauma, as with a fall from a standing height or less is one of the major features. Localized periosteal or endosteal thickening of the lateral cortex at the fracture site, which is called "beaking" or "flaring", is another major feature (Table 1) .
Although the pathogenesis of AFF is not fully understood, the cause of AFF is considered to be stress or insufficient fractures that accumulate due to the suppression of bone remodeling by BP or denosumab treatment. Continuous loading of femur may develop microcracks within the bone cortex and BP or denosumab inhibit the normal osteoclastic resorption of them, which may eventually lead a fracture [15] .
AFF has been reported in patients receiving denosumab 60 mg at 6-month intervals for osteoporosis [16] [17] [18] [19] [20] [21] . On the other hand, no AFF events were recorded in clinical trials of monthly denosumab (120 mg) treatment for patients with bone metastasis, despite the higher and more frequent dosing [6] [7] [8] [9] [10] [11] [12] . Although Yang, et al. reported one case of clinical AFF in a patient receiving oncologic denosumab therapy from a retrospective review [22] , clinical and pathological data are still lacking. We conducted this retrospective multi-center study to assess the incidence of AFF and the clinical and pathological features of patients with bone metastasis treated with denosumab at the dose of 120 mg monthly, and performed a systematic review of articles on this subject that we retrieved from a search of PubMed.
Methods
In this multi-center retrospective study, we reviewed the medical records and pharmacy database of patients who had received monthly denosumab (120 mg) treatment for the management of bone metastasis from May 2012 to June 2017 at any of the three participant institutions. We then reviewed the clinical features and skeletal images of the patients who had developed AFF or atypical femoral stress reaction (AFSR) with "beaking" on radiographs. The definition of AFF was based on the definition coined by the ASBMR Task Force 2013, which is shown in Table 1 [14] . The fracture must be located along the femoral diaphysis between just distal to the lesser trochanter and just proximal to the supracondylar flare.
To identify the risk factors for AFF and the optimal management method for this condition in patients with bone metastasis receiving denosumab treatment, we conducted a systematic search of the literature for original articles in English published in the online PubMed database from January 2006 to November 2018. The search terms used were as follows: "atypical femoral fracture", "denosumab". We also reviewed the references cited in the included articles to identify additional studies. All the search results were evaluated independently by two of the authors (M.T. and Y.O.). The inclusion criteria for the articles to be reviewed were as follows: 1) study population: patients who had received denosumab for the treatment of bone metastasis; 2) method: prospective study, retrospective study, or case report; 3) language: English. Studies not fulfilling the above inclusion criteria, as also abstracts from conferences and commentary articles, were excluded. The last search was conducted on 1st February 2019.
In the analysis of the data from the medical records and pharmacy database, continuous variables were summarized as the means ± standard deviation or median with range, as appropriate. Categorical variables were summarized in terms of frequencies and percentages. In the analysis of the incidence rate of AFF, the 95% confidence intervals were estimated by the exact method, and differences between subgroups was compared by Fisher's exact test. To evaluate the association between the duration of denosumab treatment and the occurrence of AFF events, the cumulative incidence curve was constructed by the To satisfy the case definition of AFF, the fracture must be located along the femoral diaphysis between just distal to the lesser trochanter and just proximal to the supracondylar flare. In addition, at least four of the five Major Features must be present. None of the Minor Features is required, but they are known to sometimes be associated with these fractures [14] .
Major features
1: The fracture is associated with minimal or no trauma, as after a fall from a standing height or less.
2:
The fracture line originates in the lateral cortex and is substantially transverse in its orientation, although it may become oblique as it progresses medially across the femur.
3: Complete fractures extend through both cortices and may be associated with a medial spike; incomplete fractures involve only the lateral cortex.
4:
The fracture is noncomminuted or minimally comminuted.
5:
Localized periosteal or endosteal thickening of the lateral cortex is present at the fracture site ("beaking" or "flaring"). Kaplan-Meier method. AFF event, in accordance with the definition proposed by the ASBMR Task Force 2013, and/ or AFSR needing surgical intervention were diagnosed by one or more orthopedists. P values of less than 0.05 were considered as denoting statistical significance. Statistical analysis was performed using JMP version 12.0.1 (SAS Institute Inc., Cary, NC, USA) and SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results
We analyzed the data of 277 patients, and the patient characteristics are shown in Table 3 ; the majority had hormone receptor-positive breast cancer (81%). Of the breast cancer patients, 61 (38%) had received preoperative chemotherapy, and 39 (25%) had received aromatase inhibitor treatment as adjuvant endocrine therapy; furthermore, 39 (25%) patients had received prior zoledronic acid treatment. The breast cancer patients had received a median of 18 doses (range; 1-79) of denosumab, and 15 (9%) patients had received more than 45 doses. The sites of bone metastasis are shown in Table 4 . The most frequent metastatic sites were the thoracic vertebrae (44%), and 15% of the patients had femur metastasis. Other skeletal sites included the clavicle, mandible and tibial bone. Among the 277 patients, five patients were diagnosed as having AFF and/or AFSR needing surgical intervention, representing an incidence rate of 1.8% (95% CI: 0.77-4.2). The details of the clinical features of these five patients are shown in Table 5 .
Case 1
A patient was diagnosed as having invasive ductal carcinoma of the left breast. The patient underwent left mastectomy and axillary lymph node (LN) dissection, and analysis of the specimen revealed that the cancer was estrogen receptor (ER)-positive, progesterone receptor (PR)-positive, and HER2-negative. The pathological stage was pTxN1M0, and the patient received 6 More than 45 doses of denosumab 16 (5) cycles of adjuvant cyclophosphamide, methotrexate and fluorouracil chemotherapy, followed by adjuvant hormone therapy with tamoxifen for 3 years. Multiple bone metastases (cervical, thoracic and lumbar vertebrae) were detected and treatment was initiated with an aromatase inhibitor, anastrozole, and zoledronic acid at 13 years after initial diagnosis. Disease progression was detected and administration of exemestane was initiated. At 16 years after initial diagnosis, zoledronic acid was switched to denosumab. Positron emission tomography/ computed tomography (PET/CT) showed a new lesion in a thoracic vertebra and the hormone therapy was switched to fulvestrant. Capecitabine administration was initiated due to disease progression. Subsequently, the patient fell and was diagnosed as having left AFF after 45 doses of denosumab and underwent intramedullary nail surgery (Fig. 1a) . The x-ray also showed right AFSR. CT performed before the AFF event showed no bone metastasis in the femur. The patient received the last dose of denosumab treatment at 20 years after initial diagnosis and continued to receive chemotherapy at cutoff date.
Case 2
A patient who underwent partial resection of the right breast and axillary LN dissection for breast cancer; the tumor was ER/PR-negative and HER2-negative. The patient received radiation therapy at 50 Gy, but no adjuvant chemotherapy. At 9 years after initial diagnosis, local recurrence was detected, which was resected, followed by no adjuvant treatment. Local recurrence was detected in the left breast and left mastectomy was performed. Metastatic lesions were seen in the skin and sternum, and the patient was initiated on treatment with an LH-RH analog + tamoxifen and a bisphosphonate at 2 years after the second surgery. The bisphosphonate was switched into denosumab. The patient was started on an LH-RH analog + anastrozole after detection of a lung metastasis, and on exemestane + everolimus after detection disease progression. The patient noticed pain in the left hip, but hip x-ray taken at a neighborhood clinic revealed no abnormalities. The patient lost his/her balance and the hip pain worsened. PET/CT revealed no abnormal uptake in the area. Radiographs of left femur showed thickening of the lateral cortex. The patient was diagnosed as having left AFF and underwent prophylactic surgery after 47 doses of denosumab ( Fig. 1b ) at 18 years after initial diagnosis. MRI revealed bone metastasis in the Anthracycline regimen 11 (7) Anthracycline + taxane regimen 26 (16) Other regimens 24 (15) No 97 (61) (5) Others 14 (5) right femur. After the AFF event, the patient stopped to receive denosumab treatment and continued to received hormone therapy. The patient died due to progression of breast cancer at 20 years after initial diagnosis.
Case 3
A patient was diagnosed as having invasive ductal carcinoma of the right breast. Partial resection of the right breast with axillary LN dissection was performed, and on histopathology, the tumor was staged as pT1N1M0.
The tumor was ER/PR-positive, and negative for HER2 overexpression. The patient was followed up with no adjuvant treatment. Tumor recurrence with bone metastasis in the 12th thoracic vertebra (Th12) was detected at 10 years after initial diagnosis, and radiation therapy at 39 Gy/13 Fr was performed. The patient was also treated with arimidex and a bisphosphonate, and treatment with denosumab 120 mg monthly was started.
Arimidex was changed to tamoxifen because new bone lesions were detected. At 15 years after initial diagnosis, the patient complained of persistent hip pain after a fall, but PET/CT revealed no abnormal uptake in the area. An x-ray of the hip joint showed lateral femoral thickening on both sides, and the patient was diagnosed as having bilateral symptomatic AFSR after 45 doses of denosumab. Prophylactic intramedullary nail fixation surgery was performed (Fig. 1c ). Denosumab administration was resumed at 2 months after the operation. No other skeletal event was occurred and the patient continued to receive hormone therapy at cut-off date.
Case 4
A patient was diagnosed as having invasive ductal carcinoma of the left breast; the clinical stage was cT3N1M0 and the tumor was positive for ER, negative for PR, and positive for HER2 overexpression. The patient received neoadjuvant chemotherapy involving 4 cycles of cyclophosphamide plus epirubicin, followed by paclitaxel and trastuzumab. Partial resection of the left breast and axillary LN dissection were performed, and the pathological stage of the tumor was pT1N1M0. The patient received radiation therapy at 60 Gy and trastuzumab every 3 weeks for a year. Letrozole and zoledronic acid were also administered. At 4 years after initial diagnosis, tumor recurrence was detected in the sternum and parasternal lymph nodes, and the patient was treated with trastuzumab plus toremifene. Zoledronic acid was switched into denosumab 120 mg monthly. Several regimens for further relapses followed, including capecitabine + lapatinib, pertuzumab + trastuzumab + docetaxel, trastuzumab emtansine, and pertuzumab + trastuzumab + vinorelbine. The patient developed pain in the left hip joint and difficulty in walking at 8 years after initial diagnosis, however, an MRI of the pelvis revealed no abnormalities. MRI of the lumbar spine showed a lesion which was suspected as being a metastasis. Also, a high intensity area was seen in the proximal aspect of the thigh bone and metastasis was suspected. There was no pain in those lesions and a corset was prescribed for prevention of fracture. The patient accidentally turned over and was diagnosed as having left AFF after 46 doses of denosumab treatment. Intramedullary nail fixation was performed and histopathology showed no evidence of malignancy. An xray showed right lateral femoral thickening and stress reaction was suspected. Since load on the right femur was not recommended in this situation, prophylactic intramedullary nail fixation surgery of the right femur was performed. Denosumab administration was resumed at 4 months after the operation (Fig. 1d) . No other skeletal event was occurred and the patient was admitted to hospice at 9 years after diagnosis.
Case 5
A patient with a past history of breast cancer who was diagnosed as having with ALK mutation-positive NSCLC, stage cT3N3M0. The patient received concurrent chemoradiotherapy with curative intent, with 4 cycles of cisplatin and vinorelbine. At 1 year after diagnosis, the patient was diagnosed as having relapse with lung metastases which were positive for ALK mutation, and was started on crizotinib treatment. PET/CT showed intense uptake in Th12 and monthly denosumab treatment at 120 mg was started.
The patient had a past history of breast cancer and had previously received alendronate treatment for osteoporosis prior to the denosumab treatment. After 3 years after initial diagnosis, the patient felt pain in the left hip. Since the pain gradually became worse, MRI was performed, which showed left AFSR. No abnormal FDG uptake in the area was detected on PET/CT (Fig. 1e ). Although orthopedic surgeons recommended prophylactic surgery for the left AFSR, the patient did not wish to undergo the surgery. However, the patient was diagnosed as having AFF in the left femur at 5 months after the diagnosis of left AFSR, after 15 doses of denosumab, and underwent open reduction and internal fixation surgery. Histopathological examination revealed fragmented bone tissue and fibrous tissue, consistent with fracture, and there was no evidence of malignancy (Fig. 1e ). After the surgery, the patient did not resume denosumab treatment. The patient continued to receive crizotinib treatment without any other skeletal event at cut-off date.
Analysis of medical records and pharmacy database
The incidence rates of AFF in the 277 patients is shown in Table 6 . Fisher's exact test was used to evaluate the relationship between potential risk factors and the risk of AFF, which showed that the number of doses of denosumab and prior zoledronic acid treatment were correlated with the risk of development of AFF (p = 0.0057 and 0.0151, respectively) ( Table 6 ). Similar results of Fisher's exact test were obtained in the breast cancer patient group. A larger number of denosumab doses and prior zoledronic acid treatment were correlated with the development of AFF in the breast cancer patients (p = 0.01 and 0.0062, respectively). (data not shown). The cumulative incidence curve for the association between the duration of denosumab treatment and the occurrence of AFF events is shown in Fig. 2 . The curve suggests that patients who had received denosumab treatment for more than 42 months were at a higher risk for AFF events than those who had received the drug for shorter durations.
Systematic review
We conducted a search of PubMed and performed a systematic review to identify the risk factors for AFF and the optimal management method for this condition. The search terms used were "atypical femoral fracture" and "denosumab". Figure 3 shows a flow diagram of the literature search and study selection process. The number of articles identified through PubMed using the keywords "atypical femoral fracture and denosumab" was 81. Articles which were not full-text articles or did not refer to denosumab use for bone metastasis were excluded. Two oncologists individually reviewed 70 articles and found that 7 cases of AFF in patients receiving denosumab treatment for bone metastasis were available for analysis. Table 7 shows the clinical features of these cases [22] [23] [24] [25] [26] [27] . The primary disease in 5 of these 7 cases was breast cancer; the other two cases had thyroid cancer or prostate cancer. The majority of the patients were female. Four patients had received prior bisphosphonate therapy with drugs such as zoledronic acid, alendronate, pamidronate or risedronate. The duration of denosumab treatment at the time of the AFF event was 18 to 54 months, and three of the patients (43%) had received more than 42 monthly doses.
Discussion
The risk for AFF associated with BP and denosumab treatment remains a concern, despite the proven efficacy of these drugs in preventing SREs. Although patients with incomplete AFF often complain of thigh pain, the condition can easily go undiagnosed or be misdiagnosed before it becomes a complete fracture. Screening for AFF with plain radiographs in high-risk patients receiving denosumab therapy may help prevent complete AFF and encourage early prophylactic surgery. It is also important to note that AFF is often bilateral.
The causative relationship with BPs and denosumab has not been completely elucidated, however, oversuppression of bone turnover is the likely cause of the pathologic fracture [28] . This effect extends to the remodeling of the callus formed at the fracture site, making treatment of AFF sometimes challenging, with higher rates of delayed union and nonunion [14, 29] . Treatment guidelines for AFF have not been established and whether prophylactic surgery or conservative treatment should be chosen for incomplete AFF remains a matter of debate. Yet, non-operative treatment does not appear to be a reliable option, as the treatment fails in nearly half of the cases, eventually necessitating surgery. Koh et al. reported a total of 159 incomplete AFFs initially treated non-operatively, of which only 45% healed after the non-operative treatment [28] . A total of 47% of the cases were eventually treated operatively; 20% showed progression to complete fracture within a mean time from incomplete to complete fracture of 6 months; 27% were treated for pain relief. The remaining 8% showed failure of healing during follow up. Nonoperative treatments include partial weight bearing, discontinuation of BPs, prescription of calcium and vitamin D, and teriparatide therapy, which may often be unsuitable for patients with metastasis.
We reviewed the data of the five patients who developed AFF and/or AFSR needing surgical intervention among the 277 patients who had received monthly denosumab treatment at 120 mg (corresponding to an incidence rate of 1.8%). The age range was 45 to 67 years, and cases 1-4, with breast cancer, had received more than 45 doses (42 months) of denosumab treatment for bone metastasis and had a history of prior zoledronic acid treatment. We could not find any obvious risk factor for AFF in case 5. There has been only one report of AFF in the context of higher-dose/more frequent denosumab therapy for metastatic bone disease. Yang, et al. reported an incidence rate of AFF in this context of 0.4% (1/253) and of AFSR of 4.5% (3/66) [22] . Although this previous report did not evaluate the risk factors for AFF as there was only a single event, our analysis in this multi-center retrospective study suggested that prior zoledronic acid treatment and long-term use of denosumab treatment, especially more than 45 doses (3.5 years), were correlated with the risk of development of AFF. This is compatible with the report that a longer duration of bisphosphonate therapy or denosumab for osteoporosis is an important risk factor for AFF events. We reviewed the data of 277 patients, a larger number of patients as compared to all previous reports. This is clinically meaningful inasmuch as this study suggests that the risk of this adverse event with denosumab treatment may have increased with the increased survival time of cancer patients due to the development of novel anti-cancer drugs as recently demonstrated, for example, for breast cancer patients. We systematically reviewed the data to identify the risk factors for AFF and the optimal management method for this condition. Only one article has reported the incidence rate of AFF in this context (only one patient developed AFF in that study) [22] . We reviewed 70 articles and found seven cases of AFF among the patients with bone metastasis who had received denosumab treatment. No study until now has evaluated the risk factors for AFF events in patients receiving denosumab treatment for bone metastasis. The duration of denosumab treatment was more than 42 months in about a half of these seven cases. Also, more than a half of the cases had a history of previous bisphosphonate therapy, including with zoledronic acid, which was compatible with our results.
Our study had limitations. First, this was a retrospective study, therefore, selection bias could have influenced the incidence rate. The final incidence of 1.8% of the AFF rate is too small to draw conclusion. However, this was the largest retrospective study until date and the first study to evaluate the risk factors for AFF in patients with bone metastasis. Second, we did not perform screening skeletal imaging tests or vitamin D levels before denosumab administration, which means the baseline skeletal condition was not evaluated. Third, although we reviewed the history of prior use of zoledronic acid, the duration of treatment with zoledronic acid or other bisphosphonates was not reviewed. Forth, publication bias in the systematic review could not be excluded and we could not conduct statistical analysis due to limited statistical data.
In conclusion, this multi-center retrospective study showed that the incidence rate of AFF or symptomatic AFSR in the 277 patients who had received monthly denosumab (120 mg) treatment for bone metastasis was 1.8%. Our analyses also suggested that long-term use of denosumab and prior use of zoledronic acid were risk factors for AFF events. We are aware that this is a retrospective study and there are many limitations. Further accumulation of data is needed for more precise evaluation of AFF in patients with bone metastasis receiving denosumab therapy.
Conclusions
This multi-center retrospective study found the incidence rate of AFF events was 1.8% among 277 cancer patients who had received monthly denosumab treatment. Long-term denosumab treatment and prior zoledronic acid treatment were identified as risk factors for the development of AFF. 
